Kato, Ryo, Tomoji Maeda, Toshihiro Akaike, and Ikumi Tamai. Characterization of novel Na ϩ -dependent nucleobase transport systems at the blood-testis barrier. Am J Physiol Endocrinol Metab 290: E968 -E975, 2006. First published December 20, 2005 doi:10.1152/ajpendo.00160.2005.-In the testis, nucleosides and nucleobases are important substrates of the salvage pathway for nucleotide biosynthesis, and one of the roles of Sertoli cells is to provide nutrients and metabolic precursors to spermatogenic cells located within the blood-testis barrier (BTB). We have already shown that concentrative and equilibrative nucleoside transporters are expressed and are functional in primary-cultured rat Sertoli cells as a BTB model, but little is known about nucleobase transport at the BTB or about the genes encoding specific nucleobase transporters in mammalian cells. In the present study, we examined the uptake of purine ([ 3 H]guanine) and pyrimidine ([ 3 H]uracil) nucleobases by primary-cultured rat Sertoli cells. The uptake of both nucleobases was time and concentration dependent. Kinetic analysis showed the involvement of three different transport systems in guanine uptake. In contrast, uracil uptake was mediated by a single Na ϩ -dependent high-affinity transport system. Guanine uptake was inhibited by other purine nucleobases but not by pyrimidine nucleobases, whereas uracil uptake was inhibited only by pyrimidine nucleobases. In conclusion, it was suggested that there might be purine-or pyrimidine-selective nucleobase transporters in rat Sertoli cells.
NUCLEOTIDES PLAY A KEY ROLE as precursors of DNA and RNA, as activated intermediates in many biosynthetic processes, and as metabolic regulators. In general, nucleotides are synthesized via two routes, i.e., the de novo pathway and the salvage pathway (6) . In de novo biosynthesis of purine nucleotides, the heterocyclic ring is built up from ␤-D-phosphoribosylamine using six different precursors to generate IMP, and then IMP is used for the production of AMP and GMP. The pyrimidine ring is preformed as orotate and then reacts with ␣-D-ribose 5-phosphoribosyl-1-pyrophosphate (PRPP) to give orotidylate. On the other hand, the salvage pathway is advantageous since degradation products of nucleic acids can be recycled rather than destroyed, which is much less costly than the energy-demanding reactions of the de novo pathway. Both nucleobases and nucleosides are used for salvage nucleotide biosynthesis. A part of the salvage route involves the reaction of purine and pyrimidine nucleosides with ribose 1-phosphate. The reaction is catalyzed by a nucleoside phosphorylase, and the resultant ribonucleosides are converted into the corresponding 5Ј-nucleotides by a cellular kinase. On the other hand, purine nucleobases, which are produced by hydrolytic degradation of nucleotides and nucleic acids, react with PRPP to provide the corresponding purine ribonucleotides. Adenine phosphoribosyltransferase is specific for the reaction with adenine, whereas hypoxanthine-guanine phosphoribosyltransferase catalyses the formation of IMP and GMP. Similarly, there are phosphoribosyltransferases for the pyrimidine nucleobases.
Plasma membrane transport processes for nucleosides and nucleobases play key roles as the first step of salvage nucleotide synthesis. In human and other mammalian cells and tissues, uptake of nucleosides is mediated by members of the concentrative nucleoside transporter (CNT) and equilibrative nucleoside transporter (ENT) families (3, 17) . Human (h) and rat (r)CNT1 and CNT2 both transport uridine and also selectively transport pyrimidine (hCNT1 and rCNT1) or purine (hCNT2 and rCNT2) nucleosides (9, 25, 39, 40) . In contrast, hCNT3 and mouse (m)CNT3 accept both purine and pyrimidine nucleosides as substrates (38) . Human and rat ENT1 and ENT2, which exhibit broad selectivity for purine and pyrimidine nucleosides, are distinguished functionally by differential sensitivity to nitrobenzylthioinosine (NBMPR), which has IC 50 values of 1.4 nM and Ͼ10 M for ENT1 and ENT2, respectively (52, 57) .
On the other hand, there are a few reports about nucleobase transport mediated by nucleoside transporters. Recombinant hCNT1, rCNT1, hCNT2, rCNT2, and hCNT3 do not transport hypoxanthine (58) , and recombinant hCNT3 and mCNT3 do not transport uracil (38) . Only the hENT2 and rENT2 isoform has the dual capability of transporting both nucleosides and nucleobases (58) .
In addition to the shared mechanisms of transport of nucleobases and nucleosides, it was suggested that there are independent transport processes specific for nucleosides or nucleobases (12, 20) . Nucleobase transport has been studied most extensively in microorganisms. The processes operating in mammalian cells are less well defined, although both equilibrative (Na ϩ -independent) and concentrative (Na ϩ -dependent) nucleobase-specific transport activities have been described in a variety of cells and tissues. Equilibrative nucleobase transport has been found in human erythrocytes, human T lymphoblastoid cells, LLC-PK 1 cells, rabbit cornea, and S49 mouse-derived lymphoma cells (16, 18, 32, 50) , whereas concentrative nucleobase transport occurs in kidney, intestine, placenta, and choroid plexus (4, 18, 43, 48, 53) . However, little is known about the molecular basis of nucleobase transport in mammalian cells, and no cDNA encoding a functional mammalian nucleobase transporter has been cloned. Although human and rat Na ϩ -dependent ascorbate transporter (SVCT)1 and SVCT2 have been defined as orthologs of bacterial nucleobase transporters in mammals (24) , it was reported that human SVCT1 does not transport nucleobases or nucleosides (51) .
Throughout the mammalian spermatogenic pathway, differentiating spermatogenic cells move from the basal to the luminal compartment of the testis across the blood-testis barrier (BTB), which is formed mainly by Sertoli cells. Sertoli cells and spermatogenic cells are in close contact, which is essential for the proliferation and differentiation of spermatogenic cells (31, 42) . Sertoli cells form tight junctions and act as a barrier to protect developing germ cells against harmful agents while allowing the passage of nutrients, such as nucleobases, nucleosides, amino acids, glucose, and lactic acid, from circulating blood for spermatogenesis (5, 26) . For the transport of these nutrients, several membrane transporters are expressed in the BTB (2) . Because mitosis and meiosis occur during the development of germ cells, an efficient route for nucleotide biosynthesis is required to promote spermatogenesis. In the rat testis, the specific activity of purine phosphoribosyltransferase is higher than that of amidophosphoribosyltransferase (1, 36) . Rat testis also has a higher activity of uridine kinase, the rate-limiting enzyme of the pyrimidine salvage pathway, than other tissues (23) . These reports suggest that the salvage pathway may be dominant and that nucleotides are likely to be synthesized from nucleosides and nucleobases supplied from circulating blood via transporters in the BTB.
We have already shown that primary-cultured rat Sertoli cells express ENT1, ENT2, ENT3, CNT1, CNT2, and CNT3 and exhibit nucleoside uptake activities mediated by ENT1-, ENT2-, and CNT-type transporters (27) . However, there is no information about the transport of nucleobases, which are used for salvage biosynthesis of nucleotides, at the spermatogenic and Sertoli cells. In the present study, we investigated the mechanism of the supply of nucleobases from the bloodstream to seminiferous tubules and spermatogenic cells by measuring the transport of nucleobases in primary-cultured rat Sertoli cells as a model of the BTB.
MATERIALS AND METHODS
Materials. [8- 3 H]guanine (15 Ci/mmol) and [5, H]uracil (37.3 Ci/mmol) were purchased from American Radiolabeled Chemicals (St. Louis, MO) and PerkinElmer Life Sciences (Boston, MA), respectively. [5- 3 H]uridine (16.2 Ci/mmol) was purchased from Moravek Biochemicals (Brea, CA). Collagenase and trypsin were obtained from Sigma-Aldrich (St. Louis, MO) and BD Microbiology Systems (Sparks, MD), respectively. All other reagents were purchased from Sigma-Aldrich and Wako Pure Chemical (Osaka, Japan).
Preparation and primary culture of rat Sertoli cells. Sertoli cells were isolated from 20-day-old Donryu rats (Saitama Experimental Animal Supply, Saitama, Japan) according to the method reported by Nagao (36) and Shiratsuchi et al. (45) . Briefly, testes were decapsulated, and seminiferous tubules were gently expressed and then incubated in 35 ml of 0.25% collagenase in PBS for 20 min at 37°C with occasional stirring. The seminiferous tubules were washed with serum-free F12-L15 medium and then incubated with occasional gentle pipetting in 35 ml of 0.25% trypsin in PBS for 20 min at 37°C. F12-L15 medium was composed of a 1:1 mixture of Ham's F-12 medium (MP Biomedicals, Irvine, CA) and L-15 medium (MP Biomedicals), containing 15 mM HEPES, 10 U/ml penicillin, 0.1 mg/ml streptomycin, and 10% FBS (Invitrogen, Carlsbad, CA). Trypsin treatment was terminated by adding 5 ml of FBS and 10 ml of F12-L15 medium containing 10% FBS. The resultant cell suspension was filtered two times through four sheets of gauze to remove cell aggregates and tissue debris, after which the cells were collected by centrifugation (1,200 rpm ϫ 10 min). The cells were suspended in 30 ml of F12-L15 medium containing 10% FBS and washed by centrifugation (900 rpm ϫ 10 min). Finally, the cells were suspended in F12-L15 medium containing 10% FBS and passed once through nylon mesh (70 m; BD Bioscience Discovery Labware, Bedford, MA). The isolated Sertoli cells thus obtained were cultured, and they adhered to the culture dish (353003; BD Bioscience Discovery Labware). Cells were grown in F12-L15 medium containing 1 g/ml norepinephrine in a humidified incubator at 32.5°C for 3 days and at 37°C for 3 days. Sertoli cells in culture were isolated after removal with pipettes of the spermatogenic cells floating on the surface of the coculture of testicular cells. About 90% of the cells adhering to the culture dish were Sertoli cells, as judged from staining with Nile red (Molecular Probes, Eugene, OR), which is a marker for Sertoli cells (33) . After seeding (6 days), the cultures reached confluence and were used for the transport experiments.
Nucleoside and nucleobase transport experiments. For the transport experiments using primary-cultured rat Sertoli cells, cells were harvested with a cell scraper and suspended in transport medium containing (in mM) 137 NaCl, 5 KCl, 0.39 NaHCO 3, 0.44 KH2PO4, 0.95 CaCl2, 0.8 MgSO4, 25 D-glucose, and 10 HEPES, adjusted to pH 7.4. The cell suspension was preincubated at 37°C for 20 min in the transport medium and then centrifuged; the resultant cell pellets were resuspended in transport medium containing 3 H-labeled nucleobase or 3 H-labeled nucleoside to initiate uptake. After a designated time, the cell suspension (200 l) was diluted with 800 l of ice-cold transport medium and centrifuged immediately (10,000 rpm ϫ 1 min) to terminate the uptake reaction. Next, the cells were resuspended in ice-cold transport medium and obtained as the pellet after centrifugation. The resultant cell pellets were solubilized in 1 M NaOH, and the cell-associated radioactivity was measured by means of a liquid scintillation counter (Aloka, Tokyo, Japan) with Cleasol-1 (Nacalai Tesque, Kyoto, Japan) as a liquid scintillation fluid. Na ϩ -free transport medium was prepared by replacing 137 mM NaCl and 0.39 mM NaHCO3 of the standard transport medium with 137 mM N-methyl-D-glucamine (NMG) and 0.39 mM KHCO 3, respectively, and was used to assess the uptake in the absence of Na ϩ . NBMPR was dissolved in DMSO and was diluted to desired concentrations with transport medium such that the final DMSO concentration was 0.5% or less.
Analytical methods. Cellular protein content was determined according to the method of Lowry et al. (31) with BSA as the standard. Cellular uptake was usually expressed as cell-to-medium ratio (l/mg protein), which was an indicator of transport activity independent of the concentration of substrate. The cell-to-medium ratio was obtained by dividing the uptake amount by the concentration of test compound in the transport medium. The apparent kinetic parameters K m (Michaelis constant) and Vmax (maximal transport rate) of nucleobase uptake by Sertoli cells were calculated by nonlinear least squares regression curve fitting according to the following Michaelis-Mententype equations, where v and [s] are the transport rate and substrate concentration, respectively. The value of K d was obtained from the 3 H-labeled nucleobase uptake in the presence of excess nonlabeled nucleobase (100 M guanine or 200 M uracil).
When the data were fitted to Eq. 2 with two saturable transport components, the indexes 1 and 2 indicate the high-and low-affinity components, respectively. Nonlinear regression analysis was performed using the MULTI program (56) .
All data were expressed as means Ϯ SE, and statistical analysis was performed with Student's t-test. The criterion of significance was taken to be P Ͻ 0.05.
RESULTS
Nucleobase uptake by nucleoside transporters in Sertoli cells. We evaluated the involvement of nucleoside transporters in the transport of nucleobases in Sertoli cells by using uridine as the substrate (Fig. 1). [ 3 H]uridine uptake was decreased to 77% in the absence of Na ϩ , suggesting that primary-cultured rat Sertoli cells contain both Na ϩ -dependent and -independent nucleoside transport systems. NBMPR, an ENT-specific inhibitor, reduced [ 3 H]uridine uptake in a concentration-dependent manner under Na ϩ -free conditions, indicating contributions of ENT1 and ENT2 (Fig. 1) . To examine whether nucleobases share transporters with nucleosides, the inhibitory effects of various nucleobases on [ 3 H]uridine uptake were measured (Fig. 1) ϩ . Because the uptakes of both guanine and uracil by primary-cultured rat Sertoli cells increased linearly up to 5 and 10 min, respectively, initial uptake was analyzed at 3 min in the subsequent studies. The uptakes of guanine and uracil exhibited saturation as the concentration was increased from 40 nM to 5 M in Na ϩ buffer (Figs. 3A and 4A). To confirm that there are Na ϩ -independent guanine transport processes in Sertoli cells, we analyzed transport both in the presence and absence of Na ϩ . Those results indicated the involvement of two or three saturable transport systems (Fig. 3 ). An Eadie-Hofstee plot for guanine uptake by the cells, after correction for nonsaturable uptake (4.91 Ϯ 0.44 l/mg protein) estimated as the first-order rate constant in the presence of nonlabeled 100 M guanine (Fig. 3A) , indicated the involvement of three saturable transport systems (Fig. 3, B and D) . In addition, the kinetic parameters obtained by nonlinear least squares regression analysis were as follows: high-affinity transport system (K m 1 ϭ 0.08 Ϯ 0.04 M, V max 1 ϭ 2.02 Ϯ 0.76 pmol⅐3 min Ϫ1 ⅐mg protein Ϫ1 ), low-affinity transport system (K m2 ϭ 3.15 Ϯ 1.29 M, V max 2 ϭ 18.1 Ϯ 2.93 pmol⅐3 min Ϫ1 ⅐mg protein Ϫ1 ) in the presence of Na ϩ . The kinetic parameters K m and V max in the absence of Na ϩ were 0.079 Ϯ 0.032 M and 1.00 Ϯ 0.11 pmol⅐3 min Ϫ1 ⅐mg protein Ϫ1 , respectively. Because the uptake of guanine was mediated by three different components, two concentrations of guanine (40 nM and 1 M) were used in the following studies. The low-affinity guanine transport systems made a greater contribution at 1 M (40%) than at 40 nM (16%) in Na ϩ buffer condition. The uptake of guanine increased linearly up to 5 min and then attained a steady state at both concentrations ( Fig. 2A) . In contrast, the uptake of the pyrimidine nucleobase uracil appeared to be mediated by one saturable component (Fig. 4B) , and the kinetic parameters obtained after correction for nonsaturable uptake (2.03 Ϯ 0.10 l/mg protein, estimated from the first-order rate constant in the presence of nonlabeled 200 M uracil) were K m ϭ 0.29 Ϯ 0.09 M and V max ϭ 5.00 Ϯ 0.59 pmol⅐3 min Ϫ1 ⅐mg protein
Ϫ1
using Eq. 1. These results indicate that both high-and lowaffinity guanine transport systems and a high-affinity uracil transport system operate in Sertoli cells. Na ϩ dependence of nucleobase uptake by Sertoli cells. Na ϩ -dependent and -independent nucleobase transport systems have been reported in various mammalian cells (20, 12) , and the uptake of 3 H-labeled nucleobases was measured in the presence and absence of Na ϩ in the transport medium (Fig. 5 ). When extracellular Na ϩ was replaced with NMG ϩ at equimolar concentration, the uptake of [ 3 H]guanine (40 nM) was reduced to 30% of control (Fig. 5A ). In addition, at a high concentration of guanine (1 M), the uptake of [ 3 H]guanine (1 M) was reduced to 50% when extracellular Na ϩ was replaced with NMG ϩ at equimolar concentration (Fig. 5A ). These results further indicated that the uptake of guanine was mediated by both Na ϩ -dependent and -independent nucleobase transport systems in primary-cultured rat Sertoli cells. [ 3 H]uracil uptake was also reduced to 3.9% in the absence of Na ϩ (Fig. 5B) , suggesting that there is one Na ϩ -dependent transport system for uracil in these cells.
Inhibitory effects of several compounds on nucleobase uptake by Sertoli cells. Transporter molecules involved in the transport of nucleobases have not yet been cloned, except for ENT2.
To analyze whether guanine and uracil transport is mediated by known transporters, the inhibitory effects of substrates for these transporters on nucleobase uptake were measured (Table 1) . p-Aminohippuric acid, estrone 3-sulfate (E 1 3S), and tetraethylammonium are typical substrates of organic anion transporters (OATs; see Ref. 28 ), organic anion transporting peptides (OATPs; see Refs. 22 and 47), and organic cation transporters (OCTs; see Refs. 45 and 46), respectively. Arginine, dopamine, glucose, norepinephrine, and thiamine were used as substrates for cationic amino acid transporters (13), dopamine transporter (41), glucose transporters (55, 49) , neurotransmitter transporters (7), and thiamine transporter (15) . Because SVCTs are mammalian orthologs of bacterial nucleobase transporters (24), ascorbate was used as a substrate of SVCTs. Concentra- Fig. 3 . Concentration dependence of guanine uptake by primary-cultured rat Sertoli cells. A: total (F), saturable (dotted line), and nonsaturable (broken line) uptakes of guanine by primary-cultured rat Sertoli cells were measured at 37°C for 3 min. B: guanine uptake at 37°C for 3 min shown as an Eadie-Hofstee plot after correction for nonsaturable uptake evaluated from the first-order rate constant obtained in the presence of 100 M unlabeled guanine, as described in RESULTS. V, transport rate; S, substrate concentration. respectively C: total (F), Na ϩ -independent (dotted line), and nonsaturable (broken line) uptake of guanine measured at 37°C for 3 min in Na ϩ -free buffer. D: Eadie-Hofstee plots of guanine uptake at 37°C for 3 min after correction for nonsaturable uptake evaluated from the first-order rate constant obtained in the presence of 100 M unlabeled guanine. Each result represents the mean Ϯ SE (n ϭ 3 or 4). If the SE is not shown, it is smaller than the symbol.
tions of inhibitors were fixed at 1 mM, which should be high enough to inhibit the respective transporters, considering the respective affinities. As shown in Table 1 , no compounds inhibited [ 3 H]guanine uptake at the low guanine concentration (40 nM), and only E 1 3S was inhibitory at the high concentration (1 M). [ 3 H]uracil uptake was not reduced by any of the compounds examined in this assay (Table 1) . These results suggested that the transport systems for nucleobases are distinct from previously known transporters.
Structural selectivity of nucleobase transport systems in Sertoli cells. In the case of nucleoside transporters, rCNT1 and rCNT2 preferentially transport pyrimidine and purine nucleosides, respectively (9, 25) , whereas CNT3 and ENTs transport both purine and pyrimidine nucleosides (3, 38) . To examine whether nucleobase transport systems show selectivity for purine or pyrimidine nucleobase structure, the inhibitory effects of several nucleobases on [ (Table 2) . Purine nucleobases adenine, guanine, and hypoxanthine, significantly inhibited uptake of 40 nM [
3 H]guanine to 17.1, 19, and 52.7% of control uptake, respectively, although cytosine, thymine, and uracil exhibited no inhibition (Table 2 ). In addition, only purine nucleobases In the Na ϩ -free condition, all Na ϩ was replaced with NMG ϩ . Each column represents the mean Ϯ SE (n ϭ 3 or 4). and *Significant difference from the uptake in the presence of Na ϩ (P Ͻ 0.05). showed similar inhibition of the uptake of guanine at higher concentration (Table 2 ). In contrast, [ 3 H]uracil uptake was inhibited by pyrimidine nucleobases but not by purine nucleobases adenine, guanine, and hypoxanthine (Table 2) .
A similar inhibition assay was performed using various nucleosides (Table 3) . When purine and pyrimidine nucleosides were used as inhibitors, uptake of 40 nM [ 3 H]guanine was significantly inhibited by adenosine, guanosine, and inosine to 20, 46.7, and 48.2% of the control (Table 3) . However, pyrimidine nucleosides failed to inhibit [ 3 H]guanine uptake (Table 3) . Similar inhibitory patterns were observed at the higher concentration (1 M) of guanine (Table 3) . On the other hand, [ 3 H]uracil uptake was inhibited by cytidine, thymidine, and uridine, although purine nucleosides exhibited no inhibition (Table 3) .
DISCUSSION
In the mammalian spermatogenic pathway, one of the roles of Sertoli cells is to provide nutrients and metabolic precursors to spermatogenic cells located within the BTB (25, 31) . Because large amounts of nucleotides are required for spermatogenesis, salvage biosynthesis of nucleotides using nucleobases and nucleosides transported across the BTB is expected to play a key role. We have already demonstrated molecular and functional expression of nucleoside transporters ENT1, ENT2, ENT3, CNT1, CNT2, and CNT3 in primary-cultured rat Sertoli cells (27) . However, nucleobases are also important materials for the salvage pathway (6), although little is known about nucleobase transport at the molecular level in mammalian cells (20, 12) . Accordingly, we investigated the transport mechanism of both purine and pyrimidine nucleobases at the BTB using primary-cultured rat Sertoli cells.
Concentration-dependent inhibition of the uptake of uridine by NBMPR suggested that rENT1 and rENT2 contributed 51 and 24% of total uridine uptake by primary-cultured rat Sertoli cells, respectively (Fig. 1) . We have reported that transport activity of uridine was inhibited by NBMPR in the presence and absence of Na ϩ (27) . Accordingly, it was thought that NBMPR could work in the presence and absence of Na ϩ . Uridine uptake was inhibited by several nucleobases, although the extents of inhibition were less than those by nucleosides (27) . One possible reason for this observation is that uptake of uridine is mainly (ϳ70 -0% of total uptake) mediated by nucleoside-specific transporters such as CNTs and ENT1, which cannot transport nucleobases (38, 58) . As shown in Fig.  1 , various nucleobases inhibited uridine uptake by ϳ20 -30%, and the inhibitory pattern was consistent with the characteristics of rENT2, which transports both purine and pyrimidine nucleobases (58) . However, because the affinity of nucleobases for ENT2 is low, and it was suggested that there are higheraffinity nucleobase transport systems than ENT2 in other epithelial tissues (12) , it is likely that there are distinct transport systems for nucleosides and nucleobases in primarycultured rat Sertoli cells.
As shown in Fig. 2 , uptake of both guanine and uracil by rat Sertoli cells increased linearly. Uptake of guanine was saturable, and an Eadie-Hofstee plot showed that three different saturable components were involved, with kinetic parameters of K m 1 ϭ 0.08 Ϯ 0.04 M, K m 2 ϭ 3.15 Ϯ 1.29 M, and K m 3 ϭ 0.079 Ϯ 0.032 M (Fig. 3) . Here, transports shown by K m 1 and K m 2 are Na ϩ -dependent transport systems, whereas that of K m 3 is a Na ϩ -independent transport system. Because the physiological blood concentration of guanine is 0.4 M in rats (54), the Na ϩ -dependent high-and low-affinity and the Na ϩ -independent guanine transport systems can be estimated by the kinetic parameters to mediate ϳ28, 34, and 14% of total uptake, respectively. Thus it is suggested that these two Na ϩ -dependent guanine transport systems are mainly functional in vivo. At the lower concentration (40 nM), the uptake of guanine was mainly mediated by the Na ϩ -dependent high-affinity transport system (49%). In addition, such Na ϩ dependence was observed at 1 M guanine (Fig. 5A) . At the higher concentration (1 M), the uptake of guanine was mainly mediated by the Na ϩ -dependent low-affinity transport system (40%), and the contributions of the Na ϩ -dependent high-affinity and Na ϩ -independent transport systems were 15 and 9.2%, respectively.
Uptake of uracil appeared to be mediated by a single saturable component, with K m ϭ 0.29 M (Fig. 4) . This uptake was abrogated in the absence of extracellular Na ϩ (Fig. 5B) . Because ENT2 is a Na ϩ -independent nucleobase transporter (58), it appears that there is a Na ϩ -dependent nucleobase 3 H]uracil was measured for 3 min in primary-cultured rat Sertoli cells in the presence of Na ϩ . Cellular uptake is expressed as a percentage of control uptake under Na ϩ -containing condition. The concentrations of guanosine and adenosine were 0.33 and 0.5 mM, respectively. The concentration of the other nucleosides was 1 mM. *Significant difference from the control uptake in the presence of Na ϩ (P Ͻ 0.05). , respectively. The concentrations of guanine and adenine were 0.33 and 0.5 mM, respectively. The concentration of the other nucleobases was 1 mM. *Significant difference from the control uptake in the presence of Na ϩ (P Ͻ 0.05).
transport system for uracil in primary-cultured rat Sertoli cells. There are no published kinetic parameters for guanine and uracil transport, although K i values of guanine (0.6 -6.4 M) and uracil (2.9 -64.6 M) for hypoxanthine uptake were calculated (18, 19, 22, 43, 48, 53) . These K i values are ϳ10 times higher than the K m values of the high-affinity transport system for guanine and uracil obtained in the present study. Therefore, the transport systems in this study have higher affinities for guanine and uracil than previously known transporters. However, further transport studies to evaluate directly the transport of hypoxanthine are needed to compare with the previously reported nucleobase transport systems. In this study, the involvement of a Na ϩ -dependent lowaffinity guanine transport system has been shown (Fig. 3) . In addition, K m of the Na ϩ -dependent low-affinity guanine transport system (3.15 M) found in the present study is similar to that reported in LLC-PK 1 cells (18) .
rOATs, especially rOAT1 and rOAT3, transport nucleobaserelated compounds such as 6-mercaptopurine and adefovir (11, 34) . In addition, Chen and Nelson (10) suggested that rOCTs contribute to renal secretion of nucleoside analogs cytosine arabinoside and azidethymidine. To investigate the role of known transporters, including rOATs and rOCTs, we measured the inhibitory effects of several substrates of known transporters on guanine and uracil uptake (Table 1) . However, none of the compounds examined showed significant inhibition on either guanine or uracil uptake at 1 mM, which is a higher concentration than the K m values of the respective transporters. Accordingly, it appears that there are specific transporters for nucleobases. Uptake of guanine at the higher concentration was slightly reduced by E 1 3S. Several E 1 3S transporters, OATP2 (37), OATP3 (8) , and OATP4 (8) , are expressed in rat Sertoli cells (2) ; but at present there is no information about nucleobase transport mediated by OATPs, so the contribution of these transporters to low-affinity guanine transport remains to be established.
It was reported previously that both purine and pyrimidine nucleobases equally inhibited the Na ϩ -dependent uptake of hypoxanthine in mammals (18, 21) . On the other hand, rat nucleoside transporters CNT1 and CNT2 preferentially transport pyrimidine and purine nucleosides, respectively (9, 25, 39, 40) . In the present study, uptake of the purine nucleobase guanine was decreased only by purine nucleobases adenine, guanine, and hypoxanthine, whereas pyrimidine nucleobases caused no inhibition (Table 2) . Accordingly, both the high-and low-affinity guanine transport systems are purine nucleobase selective. In contrast, only pyrimidine nucleobases cytosine, thymine, and uracil inhibited the uptake of uracil (Table 2 ). In conclusion, it was suggested that there might be purine-or pyrimidine-selective nucleobase transporters in rat Sertoli cells. These results suggest that there are multiple nucleobase transport systems that preferentially transport pyrimidine or purine nucleobases. However, further transport studies measuring the transport of each nucleobase, such as hypoxanthine, adenine, thiamine, and cytosine, are needed.
Guanine uptake was decreased only by purine nucleosides, and pyrimidine nucleosides did not inhibit the uptake of guanine at low or high concentration (Table 3) . On the other hand, uptake of the pyrimidine nucleobase uracil was significantly inhibited only by pyrimidine nucleosides cytidine, thymidine, and uridine (Table 3) . Because purine and pyrimidine nucleosides have a common nucleobase structure, these results suggest that nucleobase transport systems found in this study distinguish purine and pyrimidine nucleobases by recognizing nucleobase structure. Furthermore, these transporters may have the dual capability of transporting both nucleobases and the corresponding nucleosides, like ENT2 (58) .
Analogs of purine and pyrimidine nucleobases are widely used in medicine, e.g., as antimetabolites to treat tumors, anti-viral compounds, immunosuppressants to prevent organ transplantation rejection, and agents to treat gout (14, 29) . An understanding of nucleobase transport systems should be helpful to increase the effectiveness and specificity of such drugs and to reduce adverse effects.
In conclusion, this study has clarified the presence in primary-cultured rat Sertoli cells of nucleobase transport systems that are likely to be involved in trans-BTB substrate delivery for salvage nucleotide biosynthesis in spermatogenic cells and Sertoli cells. Because the nucleobase transport activities cannot be ascribed to known transporter molecules, further molecular identification is needed.
